The three murine retinoic acid receptor (RAR) genes each contain two distinct promoters which give rise to protein isoforms differing in their N-terminal regions. This study used in situ hybridization to describe the expression patterns of RARa1, RARa2, RARb1/3, RARb2/4, RARg1 and RARg2 isoform transcripts during mouse embryogenesis. RARa1 transcripts are widely distributed, with the exception of the central nervous system. Highest expression is found in developing muscle, pituitary gland and various epithelia. On the other hand, RARa2 is essentially expressed along the spinal cord up to the hindbrain 7th rhombomere and in the 4th rhombomere, pons and developing basal ganglia (corpus striatum and pallidum). RARb2/4 transcripts account for most of the previously described RARb expression features being expressed speci®cally, or more prominently than RARb1/3, in foregut endoderm and its derivatives, olfactory and periocular mesenchyme, urogenital region, proximal limb bud mesenchyme and later within interdigital regions. RARb1/3 is more prominently expressed in the developing heart out¯ow tract mesenchyme, intervertebral disks, midgut loop mesenchyme and umbilical vessel walls. RARb1/3 and RARb2/4 are coexpressed in the developing corpus striatum. They exhibit, however, distinct dorsoventral distributions along the spinal cord and caudal hindbrain. RARg2 is the RARg isoform expressed at high levels in the caudal neural groove at embryonic day 8.5. At later stages, both RARg isoforms are essentially coexpressed, although the progressive restriction of RARg1 transcripts to craniofacial or limb precartilaginous condensations appears to precede that of RARg2. q
Three retinoic acid receptor isotypes (RARa, b and g), acting as heterodimers with`retinoid X receptors' (RXRs), mediate the pleiotropic functions of retinoic acid during vertebrate development (Kastner et al., 1995 Mascrez et al., 1998; Morriss-Kay and Ward, 1999; and references therein) . Each of the RAR genes yields distinct mRNA isoforms, differing in their 5
H untranslated and N-terminal (region A) coding sequences, by the use of two promoters and alternative splicing. While the promoters of both the RARa and RARg genes give rise to two main isoforms (Gigue Áre et al., 1990; Kastner et al., 1990; Leroy et al., 1991; Leid et al., 1992) , additional alternative splicing produces four RARb isoforms. RARb1 and b3 mRNAs are produced from the same distal promoter and differ by the presence, in RARb3, of 81 additional nucleotides adding 27 amino acids to the C-terminal part of region A . RARb2 and b4 are both produced from the same proximal promoter. However, RARb4 is almost devoid of an A region, as the use of an alternative splice donor site eliminates part of its 5 H sequences (Nagpal et al., 1992) . The present study did not attempt to distinguish between RARb1 and b3, and RARb2 and b4 transcripts, respectively.
The distinct developmental expression patterns of the three murine RAR genes have been characterized (Dolle Â et al., 1989 Ruberte et al., 1990 Ruberte et al., , 1991 Ruberte et al., , 1993 . The distribution of individual RAR isoforms, however, has not been characterized in the mouse, although some in situ hybridization (ISH) studies have reported differential distributions of RARb isoforms in the chick (Smith et al., 1995) and RARg isoforms in amphibian embryos (Pfeffer and De Robertis, 1994; Crawford et al., 1995; Dreyer and EllingerZiegelbauer, 1996) . Gene targeting has been used to inactivate speci®c isoforms, or generate null alleles, of each RAR in mice. Whereas individual knockouts did not result in www.elsevier.com/locate/modo detectable (or only gave subtle) developmental defects, the combined inactivation of various RAR pairs resulted in a range of complex, partly overlapping phenotypes Mendelsohn et al., 1994; Luo et al., 1996; Subbarayan et al., 1997; Ghyselinck et al., 1998; and references therein) . As gene knockouts may generate some artefactual functional redundancy, knowledge of the various RAR isoform expression patterns is important to better de®ne their normal sites of action.
We have found that ISH on cryosections of embryos frozen without prior ®xation results in a higher sensitivity than the previously used paraf®n procedure , and thus allows the detection of individual RAR isoform transcripts. Their expression patterns are described hereafter from embryonic day (E) 8.5 to E13.5 of mouse development.
Results
1.1. RAR isoform expression at E8.5 and 9.5 At E8.5 (6±8 somite pairs), diffuse labelling patterns were seen with RARa1-, RARa2-and RARb1/3-speci®c probes, except for slightly stronger signals in the region of the closing neural tube for the two latter isoforms (Fig. 1B and data not shown). In contrast, RARb2/4 expression was markedly increased in the neuroepithelium of the closing neural tube, the foregut endoderm and, to a lesser extent, the lateral plate mesoderm (Fig. 1A±C ). No signi®cant labelling was seen in the caudal neural groove (data not shown) and somitic mesoderm (Fig. 1C ). RARg1 labelling was diffuse throughout the embryo, whereas RARg2 was expressed at higher levels in the neuroepithelium of the open caudal neural groove (data not shown; see Ruberte et al., 1990 for a description of RARg expression pattern).
At E9.5 (~20 somite pairs), RARa1 and RARa2 probes gave ubiquitous labelling, although RARa2 signals were slightly stronger in the developing spinal cord (data not shown; see below). Preferential RARb1/3 expression was seen in the developing spinal cord and throughout the frontonasal and branchial arch mesenchyme (Fig. 1E) . Increased RARb2/4 expression was seen in the frontonasal mesenchyme surrounding the optic vesicles, but not in the branchial arches (Fig. 1F ). RARb2/4 was also markedly expressed within the foregut endoderm and spinal cord neuroepithelium (Fig. 1F) . Both RARg1 and RARg2 probes labelled the frontonasal, branchial arch, forelimb bud and tail bud mesenchyme (data not shown; see Ruberte et al., 1990 ).
RAR isoform expression at E10.5
RARa1 was widely expressed throughout the embryo (Fig. 2B ). High expression was seen in Rathke's pouch, branchial arch mesenchyme, somitic mesoderm and gut endoderm (Fig. 2B ). RARa1 transcripts were moderately expressed in the developing spinal cord and gradually decreased along the hindbrain, while more rostral brain regions were not signi®cantly labelled ( Fig. 2B and data not shown). RARa2, on the other hand, was expressed at high levels in the developing spinal cord and posterior hindbrain, up to the level of the 7th rhombomere, and speci®-cally in the 4th rhombomere (Fig. 2C ). RARa2 signals were low in other embryonic regions, but slightly higher in the stomach (Fig. 2C ).
Both RARb1/3 and RARb2/4 transcripts were expressed in the spinal cord neuroepithelium, from the posterior neuropore to the caudal hindbrain at the level of the 7th rhombomere ( Fig. 2D±F ; see below). RARb2/4 transcripts were markedly expressed in the periocular, frontonasal and proximo-dorsal limb mesenchyme (data not shown), gut endoderm, epithelial and mesenchymal components of the lung bud, the region of the septum transversum and peritoneal-pericardial canal, and the umbilical region ( Fig. 2F and data not shown). RARb1/3 was expressed at low levels in the two latter regions (Fig. 2E ).
RARg1 and RARg2 isoforms remained coexpressed in the frontonasal and branchial arch mesenchyme, and were detected in the developing sclerotomal (prevertebral) and forelimb precartilaginous condensations, the tracheal .5 embryo. ba, branchial arches; fb, forebrain; fg, foregut; fnm, frontonasal mesenchyme; ht, heart; lpm, lateral plate mesoderm; nt, neural tube; ov, optic vesicle; sc, spinal cord; sm, somitic mesoderm. mesenchyme and the newly formed hindlimb buds (Fig.  2G±I , and data not shown).
RAR isoform expression at E11.5
RARa1 and RARa2 transcript distributions were similar to those described at E10.5 (data not shown).
Although RARb1/3 and RARb2/4 expression remained high within the spinal cord and caudal hindbrain (Fig. 3A±  C) , their dorsoventral distributions differed. At the hindbrain level, RARb1/3 was prominently expressed in the ventricular layer of the alar (dorsal) plate and in the ventral horns (Fig. 4B) , whereas RARb2/4 transcripts were distributed throughout the ependymal and ventricular layers of both alar and basal plates, and were weakly expressed in the ventral horns (Fig. 4C ). RARb1/3 was also prominently expressed in the dorsal spinal cord neuroepithelium (Fig.  4E) , whereas RARb2/4 transcripts were more evenly distributed along the dorsoventral axis (Figs. 3B,C and 4E,F). Only RARb2/4 transcripts were detected in the developing meninges (Fig. 3C, see also Fig. 5F ).
RARb2/4 was expressed more intensely than RARb1/3 in the mesenchyme of the olfactory and eye regions and in the oral epithelium (Fig. 3B,C and data not shown). Fig. 2 . Differential expression of RAR isoforms at E10.5. Sagittal sections. The sections in (G±I) are more lateral than in (A±F). Due to the embryo curvature, two spinal cord areas are sectioned in panels (A±F). ba, ®rst branchial arch; fg, foregut;¯c, forelimb precartilaginous condensation; fnm, frontonasal mesenchyme; hlb, hindlimb bud; mg, midgut; ppc, peritoneal-pericardial canal; r4, r7, rhombomere 4 and 7; rp, Rathke's pouch; sc, spinal cord; so, somitic mesoderm; st, stomach; str, septum transversum; um, umbilical region. Fig. 3 . Expression of RARb and RARg isoforms in the E11.5 embryo. Sagittal sections. The sections in (D±F) are more lateral than in (A±C). ct, conotruncal mesenchyme; gb, genital bud; hb, hindbrain; hlc, hindlimb precartilaginous condensation; la, laryngeal region; lc, liver capsule; md, mandibular region; me, meninge; mg, midgut; nm, nasal mesenchyme; oce, oral cavity epithelium; oe, oesophagus; ol, olfactory region; pv, prevertebrae; sc, spinal cord; tr, trachea; um, umbilical region. RARb2/4 was expressed in epithelial and mesenchymal components of the trachea and oesophagus, whereas RARb1/3 was expressed only in their mesenchymal components (Fig. 3B,C and data not shown). RARb2/4 expression was high at the epithelial/mesenchymal interface of the primary cleft separating the primary left and right bronchi (data not shown). RARb2/4 was further expressed in the upper stomach epithelium, whereas RARb1/3 was expressed throughout the stomach mesenchyme (data not shown) and in the mesenchyme of the herniated midgut loop (Fig. 3B) . Only RARb1/3 was detected in the heart conotruncal mesenchyme (Fig. 3B) , whereas RARb2/4 was speci®cally expressed in the liver capsule (Fig. 3C ). RARb2/4 was also expressed in the mesenchyme of the lower urogenital and umbilical regions (Fig. 3C) , as well as the urogenital sinus epithelium (Fig. 4F) , while RARb1/3 expression was restricted to the walls of the umbilical vessels (Fig. 3B) . Only RARb2/4 was detected in the proximal region of the limb bud mesenchyme (Fig. 4E,F) .
At this stage, both RARg1 and RARg2 transcripts were Fig. 5 . RAR isoform transcript distributions in the E13.5 embryo. Sagittal sections. The sections in (D±F) are almost medial, while (A±C,G±I) are through the left side of the embryo. cp, choroid plexus; cs, corpus striatum; gt, genital tubercle; hb, hindbrain; hl, hindlimb; ht, heart; ki, kidney; lc, laryngeal cartilage; li, liver; mg, midgut; mc, mandibular cartilage; me, meninges; mu, muscle; oce, oral cavity epithelium; oe, oesophagus; ol, olfactory epithelium; ot, otic capsule; pc, pancreas; pi, pituitary gland; ps, pons; pv, prevertebrae; ri, rib; sc, spinal cord; sp, spleen; st, stomach; tr, trachea; tl, tail; us, urogental sinus; vh, ventral horn. expressed in the craniofacial mesenchyme, the prevertebral and other developing precartilaginous condensations (e.g. the laryngeal or proximal hindlimb condensations; Fig.  3F ), the tracheal mesenchyme and the genital bud region (Fig. 3D±F and data not shown).
RAR isoform expression at E13.5
RARa1 was not expressed at detectable levels within the developing brain (Fig. 5B) and was weakly expressed throughout the spinal cord neuroepithelium (data not shown). Expression was detected in most other embryonic tissues, although most prominently in the nasal, oral, stomach and gut epithelium, the various developing muscles (Figs. 5B and 8B ), including the myocardium (Fig. 5B) , and in the developing anterior pituitary gland (Fig. 6B) . The liver was not signi®cantly labelled (Fig. 5B) . No signal was seen in the differentiating cartilages; however, labelling was found in perichondrial areas and intervertebral condensations ( Fig. 5B and data not shown) . Within the CNS, RARa2 was speci®cally expressed in the corpus striatum and pallidum (Figs. 5C and 6F,J), pons, choroid plexus (Fig.  5C) , and in the spinal cord mantle layer (data not shown). Other embryonic areas were weakly or not signi®cantly labelled, except for the stomach and gut loops, which exhibited increased labelling in their epithelial and outermost mesenchymal layers (Figs. 5C and 8C ).
RARb1/3 and RARb2/4 isoforms were coexpressed in the same area of the developing corpus striatum (Fig.  6K,L) . Their distribution was mostly exclusive from that of RARa2, whose transcripts were found more super®cially in the subventricular zone and extended medially within the corpus pallidum (compare Fig. 6E±H with 6I±L ). RARb1/3 transcripts were expressed at high levels along the dorsal half of the spinal cord mantle layer and in the ventral-most cells of the ventral horns (Fig. 5E) . RARb2/4 spinal cord expression was weaker and essentially con®ned to the ventricular layer, although transcripts were also detected in the ventral-most ventral horn cells (Fig. 5F) .
Outside the CNS, speci®c RARb1/3 expression was detected in discrete areas, including the intervertebral disks, tracheal and oesophageal epithelia, bronchial and heart out¯ow tract mesenchyme (see also , pancreatic primordium, stomach mesenchyme, umbilical arteries and proximal genital tubercle mesenchyme ( Fig. 5E and data not shown). Whereas RARb1/3 was expressed at low levels in the periocular and olfactory mesenchyme (Fig. 7B,E) , RARb2/4 was strongly expressed in the periocular and retrolenticular mesenchyme (Fig. 7C) , as well as the olfactory epithelium and mesen- 3v, 3rd ventricle; ah, adenohypophysis; cc, cerebral cortex; cs, corpus striatum; lv, lateral ventricle; nh, neurohypophysis; ol, olfactory region; pa, pallidum; pf, pallidal fork; ps, pons; rp, Rathke's pouch; sf, septal fork; sv, subventricular zone. chyme (Fig. 7F ). RARb2/4 was selectively expressed in the pituitary region where, unlike RARa1, its transcripts were most abundant in the periphery of the glandular anlage (Fig. 6A±D ). RARb2/4 was also speci®cally expressed in the inner ear and tooth bud mesenchyme (data not shown). RARb2/4 transcripts were detected in the pharyngeal and oesophageal epithelia (Figs. 5F and 7I), in both the epithelial and mesenchymal layers of the stomach, and in the outermost mesenchyme of the gut loops (data not shown). At this stage, RARb2/4 transcripts were excluded from the ventral aspect of the tracheal epithelium, but were markedly expressed in the adjacent mesenchymal layer (Fig. 7I ). RARb1/3 transcripts exhibited a similar distribution, albeit at lower levels (Fig. 7H ). RARb2/4 was moderately expressed throughout the heart myocardium, and in the developing pancreas and kidney stroma ( Fig. 5F and data not shown). RARb2/4 transcript distribution partly overlapped that of RARb1/3 in the genital tubercle, but extended more proximally towards the urogenital, rectal and umbilical regions (Fig. 5E,F and data not shown).
The RARg1 and RARg2 isoforms were essentially coexpressed in the various sites previously characterized with the full-length probe , such as the prevertebral and other skeletal primordia, the developing skin, the epithelia of the oral cavity, oesophagus and left wall of the stomach, the genital tubercle and urogenital sinus mesenchyme ( Fig. 5G±I and data not shown) . Differential transcript distributions were seen, however, towards the extremities of the developing tail (Fig. 5H,I ) and limbs (Fig. 8G±I) , where RARg1 transcripts were concentrated in the precartilaginous condensations, while RARg2 transcripts were distributed throughout the mesenchyme. Thus, the restriction of RARg1 expression to precartilaginous elements appears to precede that of RARg2. The RARa (Fig. 8A±C) and RARb (Fig. 8D±F) isoforms also exhibited differential distributions in the differentiating footplates. RARa1 was expressed throughout each digit condensation (Fig. 8B) , while RARa2 Fig. 7 . Expression or RARb isoforms in the E13.5 developing eye (A±C), olfactory region (D±F) and oesophageal/tracheal region (G±I). Sagittal sections. co, cornea; D, dorsal; fb, forebrain; le, lens; nc, nasal cavity; oe, oesophagus; ole, olfactory epithelium; olm, olfactory mesenchyme; pom, periocular mesenchyme; re, respiratory epithelium; rt, retina; rm, retrolenticular mesenchyme; te, tracheal epithelium; tm, tracheal mesenchyme; tr, trachea; V, ventral.
was detected towards the tips of the growing digits (Fig.  8C ). RARb2/4 exhibited the previously described strong expression in interdigital mesenchyme (Dolle Â et al., 1989 ; Fig. 8F ), whereas RARb1/3 expression was restricted to more discrete proximal areas (Fig. 8E) .
A summary of these late expression features (E11.5± E13.5) is shown in Table 1 .
Methods
Embryos were recovered from natural overnight matings between CD1 mice. The morning of seminal plug detection was considered as E0.5. Embryos were collected in cold phosphate-buffered saline, placed in moulds with embedding medium and frozen on dry ice, as described in Niederreither and Dolle Â (1998). cDNA fragments speci®c for each RAR isoform (i.e. containing the speci®c 5 H untranslated and N-terminal coding regions) were subcloned in pBluescript SK1 to produce templates for the synthesis of 35 Slabelled riboprobes (maps available upon request). Embryo sectioning and in situ hybridization was performed as described (Niederreither and Dolle Â, 1998) . 
